Earlier we showed that there is an inverted-U relation between the force produced and the within-subject variability in that force. This finding is used together with a simple model to predict that the spatial inconsistency (in the vertical plane) of a rapid horizontal arm-swing movement should show an inverted-U relationship with the force requirements employed. Three experiments examined this prediction. The first two involved changes in the mass to be moved at a fixed movement time; the third involved the variation in movement time with constant mass. In all three studies as the force requirements of the response were increased, increased inconsistency occurred in the spatial dimension, but only to about 60%-70% of the subject's maximum. Further increases in force re-requirements (from increased mass or decreased movement time) resulted in decreased spatial variability. These findings are not consistent with the general ideal of speed-accuracy trade-offs, but they are predictable from a modified impulse-variability model for rapid programmed actions.
have presented a theory that accounts for the rejationship between speed and accuracy in rapid limb movements. In rapid stylus-aiming movements to a target, for example, the theory assumes that the movements are programmmed and that variability in the forces produced and in the durations over which the forces are applied are major determiners of the variabilities in the trajectories that the limbs assume. As a consequence, the amount of error in hitting a target is directly related to the amount of variability in the forces produced by the muscles. A critical assumption is that the variability in the force produced is linearly related to the amount of force produced, and numerous studies have shown that for moderate forces, this relation is a strong one (e.g., Schmidt, Zelaznik, & Frank, 1978; Schmidt et al., 1979; Sherwood & Schmidt, 1980) . Thus, as the movement time of a response is decreased, the force requirements Requests for reprints should be sent to Richard A. Schmidt, Department of Kinesiology, University of California, Los Angeles, California 90024 are increased, which increases the withinsubject variability in force, thereby leading to increased errors in hitting the aimed-for target. In this way the speed-accuracy tradeoff in rapid actions is explained without the need to postulate that decreased movement time results in less opportunity for movement corrections (e.g., Keele, 1968; Crossman & Goodeve, Note 1) ; although this may be the case in slower movements.
Recent evidence by Sherwood and Schmidt (1980) , however, seems to place a limitation on the generality of this theory. We found that as before, as the amount of force increased, linear increases in the variability in force occurred; but at about 65% of subjects' maximum forces, the variability peaked and then actually decreased as the subjects' force output approached maximum, as shown in Figure 1 . Since the Schmidt et al. (1979) theory is based on a linear relation between force and force variability, these newer data seem to limit this model to those movements whose force requirements are less than about 65% of maximum. The modifications to the impulse-variability theory necessary to account for the inverted-U relation between 158 force variability and force are currently being considered, but these changes will not be considered further here.
Instead, in the present article we examine some of the implications of this inverted-U relation between force and force variability for rapid limb actions that demand accuracy, such as might be employed in hitting a baseball. Frequently performers produce rapid limb movements in which the goal is to make the limb, or some object moved by it (e.g., a bat), strike some external object. One important component of the accuracy in these tasks is often measured in a dimension perpendicular to the overall movement direction. That is, the accuracy of the swing of a bat is determined primarily by where (in a vertical plane) the bat is with respect to the ball, with the bat and limbs moving essentially in the horizontal plane. (This analysis ignores errors in timing, of course.)
A simple mechanical model of this kind of action is presented in Figure 2 . Here, the limb is represented by the mass, and the goal is to move the mass with such a trajectory that the mass strikes the target. A number of features of this kind of movement situation are important to note. First, there is often only an initial acceleration toward the target, with deceleration occurring after tar- get contact; deceleration, therefore, is not really critical to the success of the movement. Second, except in the simplest of hinge joints, such movements are typically produced by a combination of muscular actions. Because the muscles seldom act in a line directly parallel to the desired movement, overall trajectory is seen as a kind of resultant of participating muscular forces. This implies that the participating muscles must be carefully coordinated in terms of their force outputs. Finally, if the subject is to increase the speed of such an action or, alternatively, to increase the mass to be moved at a given speed, such modifications presumably must be accomplished by increasing proportionally the forces of contraction in all of the relevant muscles. Increasing the forces in some but not all of the muscles would result in errors in the trajectory and, hence, in the achievement of the target. How can the ideas about force variability be applied in these situations? Since increasing the speed of these movements (or increasing the mass at a given speed) should require additional force requirements, our earlier findings (e.g., Schmidt et al., 1978 Schmidt et al., , 1979 Sherwood & Schmidt, 1980) indicate that increased force variability will result as well. Such increases in variability could have two effects on aiming accuracy, depending on the assumptions that are made in such a model. First, if the variabilities in force are uncorrelated (or correlated nearly zero) across the various participating muscles, then altering the force requirements of these actions should alter variability in the achievement of the target. Second, if the variabilities in forces in the various muscles are highly correlated, perhaps with the variability being determined by movement-program selection, then alterations in the force requirements of such movements should result in no change in the errors in hitting the aimed-for targets.
Two lines of evidence presently available argue against the second of these views, supporting the first. In aiming movements (Schmidt et al, 1978 (Schmidt et al, , 1979 , errors scored in a dimension perpendicular to the movement directly increased as the velocity of the movement increased. Second, evidence from two-handed aiming movements suggests that overshoots and undershoots (thought to be due to variability in forces involved in the limb actions) were largely uncorrelated across hands (Schmidt et al., 1979) . The hypothesis that the forces are not correlated across various participating muscles in the present situation can be tested by noting the change in errors as the forces in these movements increase, which is one of the goals of the present set of experiments.
Should it happen that as before, we are able to argue that the variability in muscular action is essentially uncorrelated among the muscles participating in the action, then this paves the way for additional experiments that ask about the inverted-U relation between force and force variability and how this relation can be used to explain the relation between speed and accuracy in these actions. First, if the variabilities are largely uncorrelated across participating muscles, then increasing the force requirements to approximately 65% of the subjects' maximum should result in progressively increased errors in aiming. But with further increases in force requirements, there should be a leveling off of aiming error and an actual decrease in aiming error as the force requirements approach maximum. If the force requirements are varied by changing the movement time of a fixed-amplitude movement, then these predictions are clearly counter to the usual notion of the speed-accuracy trade-off, for which any increases in speed result in increases in error. Even though contradictions to the speed-accuracy trade-off have been found before (e.g., Newell, 1980; Newell, Carlton, Carlton, & Halbert, 1980; see Schmidt, 1981 , for a review), such predictions coming from theory and running counter to intuition are particularly intriguing to us.
A second major implication of the impulse-variability theory is that the force requirements for these actions may be increased by altering the speed of a movement, the mass to be moved in a movement with constant speed, or both. The theory as presently formulated holds that for aiming movements with a followthrough at least, these two manipulations are accomplished by the same mechanism-the proportional increases in the forces produced by the responding musculature. Thus the prediction of an inverted-U relation between the variability in aiming and the force requirements of a response are the same, regardless of whether the force requirements are altered by changing mass or by changing speed. This expectation was another concern in the present investigations.
Finally, these experiments begin to answer some interesting questions about performances in rapid everyday actions. How is it that the batter in baseball can swing (apparently) nearly maximally with a very heavy bat and yet be successful in making contact with the ball? What is the effect of the mass of the bat on such accuracy, and how does the mass of the bat interact with the movement speed? The experiments reported here appear to have relevance to these kinds of questions and may uncover the principles that will help to answer them.
The various hypotheses just mentioned were tested in three experiments in which subjects made rapid, horizontal arm swings in an attempt to make a hand-held pointer line up in the vertical plane with a fixed target. In all cases the movement times were controlled via instructions and knowledge of results, were always less than 200 msec, and sometimes were as short as 70 msec. These rapid actions seemed to satisfy the conditions represented in Figure 2 , in that (a) accuracy was measured in a dimension perpendicular to the overall movement direction; (b) the muscles operating at the shoulder joint are numerous and must interact in reasonably complex ways; and (c) it represented a sim-pie analogue of many striking actions present in many fast ball games (e.g., handball, baseball). Depending on the particular experiment, the force requirements of these actions were varied by either varying the mass to be moved in a response of essentially constant movement time or by varying the movement time of a movement with constant mass.
Method

Experiment 1
Subjects. Four male university undergraduate students at the University of Southern California volunteered to serve in this experiment. They were selected on the basis of their similar capabilities to perform the 200-msec movement time. A 1,400-g mass was added to the handle; 10 trials were given, with the goal being to move as rapidly as possible. Subjects not able to move in less than 200 msec on any trial were not used. The four subjects finally selected for further testing were those most similar in terms of their minimum movement times under these conditions. These techniques were necessary to ensure that a particular load condition would require about the same percentage of maximum torque for each person.
Apparatus. The apparatus is diagramed in Figure  3 . The subject held a D-shaped handle, grasping the straight portion. A pointer was attached in the center of the curved portion of the D so that it was aligned with the extended arm. An extension was mounted on top of the handle and extended outward and downward on both the right and left sides (from the subject's viewpoint in Figure 3 ) of the handle. Weights could be bolted to the arms of the extension so that the centers of mass of the weights would be at the same level as the center of mass of the hand and handle. This arrangement prevented the mass from exerting a torque on the handle when it was accelerated. Also attached to the handle was a 1/16-in. (1.6-mm) cable that ran upward through a small, smooth, rounded bushing to a 3-cm v-pulley mounted on the axle of a one-turn potentiometer, all of which were secured to a firm bracket mounted 120 cm below the ceiling. The cable was wrapped around (and secured to) the v-pulley and then was attached, via a light spring, to the ceiling directly above the bushing. This spring arrangement served to prevent the cable from going slack with sudden upward movements of the handle. Moving the handle and the cable up or down rotated the potentiometer shaft, and the output was fed to a four-channel polygraph recorder.
The subject was seated in a straight-backed chair, with the cable bushing (B) directly over the center of rotation of the right shoulder joint (C). Then with the subject's arm extended to the side, the vertical location of the pointer was indicated by the corresponding voltage from the potentiometer. Because the segment from the bushing (B) and the center of the shoulder joint (C) as well as the segment from the handle (A) to the shoulder (C) were fixed in length, any variations in the segment from the handle (A) to the bushing (B) represented elevations or depressions of the location of point A, the handle (see Figure 3 , the triangle on the right). This relation was so regardless of the angle of the arm with respect to the subject's frontal plane, since the length of the segment from the shoulder joint to the bushing (segment ,A-B in Figure 3 ) was constant across variations in the forward-backward orientation of the arm. i The target was suspended on a vertical cable attached to the ceiling and floor by springs. The target itself was a 16-mm yellow band around the cable (2 mm wide), centered on a 56-mm black band so that it could be easily discriminated. The target center was 92.5 cm from the floor. The arrangement was such that when the target was struck horizontally by the pointer, the spring mounting on the target support cable would allow the target and cable to be carried with the pointer on the followthrough. When the pointer and target were disengaged, the target snapped back to the original position.
A movable stand with a special horizontal lip served as a rest to define the initial position of the handle prior to a movement. The stand was placed on the floor so that the subject's shoulder was hyperextended 5° and so that the pointer was at the same height as the target. In this experiment the target was positioned so that a 60° horizontal flexion of the shoulder was required to contact it.
Finally, a microswitch mounted on the starting stand was operated when the handle left the starting position, causing a millisecond timer to run. Striking the target dislodged a spacer in a second microswitch, causing the timer to stop. This timer, therefore, measured movement time. The switch closures were also recorded on a second channel of the polygraph.
Task. The subject's task consisted of two subtasks. First, the subject was instructed to make a rapid hori- zontal arm swing (elbow locked) from the starting position on the stand to contact the yellow target; a followthrough was permitted and encouraged. Second, the time from the initiation of the movement until target contact was to be as close to 200 msec as possible.
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Procedures and design The major goal was to determine the effect on movement accuracy of various amounts of weight bolted to the handle. In separate sets of trials, either the handle alone or the handle plus 735-g or 1,350-g lead weights were used, and the subject's task was to move at the predetermined 200-msec movement time on each trial. Knowledge of results (KR) about temporal accuracy (in msec) was given after each trial. Spatial KR was given to subjects as "High 1," "Low 3," and so forth, where the units of measurement were the separate lines on the polygraph paper; here 1 unit (5 mm) of pen deflection represented 7.98 .mm of pointer movement. On a given practice day, the subjects received a sufficient number of trials so that 50 trials were recorded with movement times between 180 and 220 msec in each of the conditions. This usually required from 55 to 65 trials, or about 170-190 trials per day. Each of the conditions was presented on each day in an order randomized separately for each subject. Five testing days were used, with Day 1 being a practice day in which data were recorded but not subsequently scored. Thus the design was a 3 (load conditions) X 4 (test days) analysis of variance (ANOVA), with repeated measures on all factors.
Analysis of data. For data collected on Days 2-5, spatial error for each trial with acceptable movement time was recorded from the stripchart records via an electronic digitizer. The measure taken from each trial's record was the location in the vertical plane of the pointer (as indicated by the potentiometer value) at the moment that the pointer contacted the target. The digitizer recorded with a precision of ±.01 in. (.25 mm), which was equivalent to .40 mm of pointer movement by the subject. (It is doubtful that we actually achieved this level of recording precision, though, as other variations in the recording system undoubtedly contaminated the readings to an additional small degree.)
From these basic scores three summary statistics were computed over the 50 trials in that condition and day. The first was variable error (VE), or the within-subject standard deviation of the vertical locations about the subject's own mean location; it was a measure of inconsistency and was the dependent measure on which most of our attention was focused, since predictions from theory are in terms of VE. For completeness, constant error (CE) was also computed and was the average vertical location across trials; interpretations about VE are in many cases dependent on the patterns of change in CE scores. Finally, total variability about the target point (E) was computed as the within-subject standard deviation of the movements about the target; E was used as a measure of overall accuracy in hitting the target.
Estimates of torque. In this experiment and in the experiments to follow, we obtained an estimate of the amount of torque that the subject was producing in the various experimental conditions, then expressed .this torque as a percentage of the subject's maximum. This was particularly important in view of the fact that in Figure 1 and in our other data, there was a peak in the force/force-variability function at about 65% of the subject's maximum. It was of interest, therefore, to determine whether a peak, should it be obtained in the present studies, was located at about the same percentage.
Basic anthropometric data were taken from each subject, including height, weight, and the length of the arm from the gleno-humeral axis to the tip of the middle finger. The moment of inertia of the subject's arm about the shoulder joint was estimated using the estimates of the location of the center of gravity, the mass of the arm, and the moment of inertia of the arm about the center of gravity (corrected for the subject's arm length and body weight) as given by Dempster (Note 2; see also Hay, 1973 , for a discussion). Moment of inertia of the entire limb about the shoulder joint was then computed by the parallel axis theorem (see Hay, 1973) .
To compute an estimate of maximum torque, we determined the maximum amount of mass that could be added to the handle that would still allow the subject to move 60° in 200 msec. In a series of trials on Day 1, subjects were asked to move the handle as rapidly as possible. If the movement time on a given trial was less than (or greater than) 200 msec, mass was added to (subtracted from) the handle. We eventually arrived at the maximum amount of mass that could by added to the handle that would allow a 200-msec movement time. We computed the (assumed) constant acceleration in this maximally loaded condition as (2 X 1.047 rad)/ (.2 sec) 2 . With this estimate of the acceleration, the maximum torque about the joint in this maximally loaded condition could be estimated for each subject as the product of (a) angular acceleration and (b) the moment of inertia of the loaded limb, including the moments of inertia of the handle, the cable, and the added weight.
In the experiment proper we estimated the torque applied under the three experimental conditions; handle only, handle plus 735 g, or handle plus 1,350 g. We estimated the moment of inertia of the limb plus the various loads involved in these conditions as before. Acceleration was based on the actual movement time achieved in each condition (which was always very close to 200 msec). The torques for the experimental conditions (Angular Acceleration X Moment of Inertia) could be compared and were expressed as percentages of each subject's maximum torque. It should be emphasized that these estimates involve many assumptions (e.g., about the distributions of mass in the limb, the constant acceleration, etc.), so the actual values of these percentages of maximum should not be accepted uncritically. But they are computed with methods that are often used in biomechanics research and, thus, may be of assistance in comparing the results reported here and with those in the earlier research (e.g., Sherwood & Schmidt, 1980) .
Results
Movement times. Any response with a movement time outside the range of ±10% of the goal movement time was discarded.
Thus VE or E of movement times are not treated here or in any of the subsequent experiments. The mean of the remaining movement times (those within the 10% criterion band) is important, however, as small shifts in average movement time could mean that there were similar shifts in the spatial accuracy scores caused by movement-time changes. In this experiment small but statistically significant increases in movement time occurred as the load conditions increased (198, 201, and 207 msec, respectively) , F(3, 9) = 9.43, p < .05. The magnitude of these changes was probably too small, however, to account for the majority of the change in the spatial accuracies.
Percentages of maximum torque. The estimates of the percentages of maximum torque exerted by the subjects in the three load conditions were 45%, 69%, and 85%, respectively (Figure 3 ). Naturally subjects differed somewhat in these values, and the ranges of percentage estimates for the three load conditions were as follows: 43%-46%, 68%-70%, 83%-87%. Thus it appeared that the loads actually used in the experiment were sufficient to span the point (found earlier) where 65% of the subject's maximum torque was being applied.
Variable error. In the Days X Loads AN-OVA, the effect of days and the Days X Loads interaction were not significant, F(3, 9) = 2.70 and F(6,18) = .72,ps > .05. Hence the four test days were pooled to form the data reported in Figure 4 . As mass was added to the handle-only condition, an increase in VE occurred to the 735-g condition, and then a decrease in VE was produced as mass was increased to the 1,350-g condition, an effect shown by every subject. This effect of added mass was significant, F(2, 6) = 22.10, p< .05. A subsequent analysis for trend showed a significant linear component, F(\, 3) = 21.16, and a significant quadratic component F(l, 3) = 23.88 ps < .05. The significant quadratic component supported the apparent inverted-Ushaped curve shown in Figure 4 . The point of maximum spatial variability occurred at a load that required about 69% of the subject's maximum torque, which was reasonably close to the 65% value reported earlier. This supported the notion that increases in force requirements beyond about 60%-70% of the subject's maximum should result in increased spatial consistency.
Total variability The effect of days and the Days X Loads interaction were not significant, F(3, 9) = 1.63 and F(6, 18) = .69, ps > .05, respectively. A plot of the E scores for all days (see Figure 4 ) pooled for the various load conditions revealed an inverted-U-shaped function closely resembling that for VE, with all subjects showing this pattern. This was supported by a significant effect of loads, F(2, 6) = 27.20, p < .05. A trend analysis showed a significant linear component, F(l, 3) = 18.97, and a significant quadratic component, F(l, 3) = 20.54, ps < .05, supporting the inverted-U shape seen. These data agreed nearly completely with the VE findings. This is an important finding, as it shows that the increased consistency (i.e., decreased VE) when the load requirements were increased to the 1,350-g condition was translated into increased accuracy in hitting the target.
Constant error. A significant effect of days was found, F(3, 9) = 4.14, p < .05, but the Days X Load interaction was not significant, F(6, 18) = .47, p > .05. When the CE data were pooled across days, the av-erage CEs for the three loads were always negative (the handle passed under the target). A weak linear trend for the CEs to be less negative (limb slightly higher, from -7.0 to -4.5 mm) occurred as the load requirements increased, but this effect was too small to be statistically significant, F(2, 6) = .39, p> .05.
Discussion
These data supported very well the predictions from the impulse-variability theory coupled with the newly found inverted-U function between force and force variability. As the force requirements increased, an increase in spatial variability occurred up to about 69% of the subject's maximum torque, following which a decrease in spatial variability was found as the force requirements increased. It was encouraging for the theory that the point of maximum variability was reasonably close to the value of 65% of the subjects' maxima that were found for force variability in the Sherwood .and Schmidt (1980) study. The changes in spatial variability achieved were paralleled nearly completely by target accuracy (i.e., E), showing that VE and E tended to measure the same component of the response-movement inconsistency.
This study was largely preliminary, done in an attempt to determine whether the predictions from the theory were even likely to hold; thus the load conditions were intentionally well spread so that the theoretical 65% point would be spanned by the two extreme load conditions. The study suffered somewhat from the weakness of too few experimental points along the force dimension, making the comparisons with the peak variability in this study with that in Sherwood and Schmidt (1980) study somewhat difficult. In Experiment 2 we decided to replicate the present study, but with more load conditions so that the peak in variability (should it occur again) could be more precisely located.
Experiment 2 Method
Subjects. Four male undergraduate students at the University of Southern California participated. They were selected on the same basis as were subjects in Experiment 1. None had participated in the first study.
Apparatus and task. The apparatus was identical in every respect to that used in Experiment 1. The task for the subjects remained the same, with a goal movement time of 200 msec.
Procedures and design. Procedures were identical to those used in Experiment 1, except that five load conditions (handle only or handle plus 640g, 960g, 1,-280g, and l,640g) were used in Experiment 2. The number of trials (50 per condition per day), the number of days (five, with the first being a practice day), and the randomization of treatment conditions on each day for each subject, were as in Experiment 1. This produced a 5 (load conditions) X 4 (days) factorial design, with repeated measures on both factors.
Results
Movement times.
Even though movements with movememt times outside the range of ±10% of the goal movement time were excluded from the analysis, there was a significant tendency for the average movement time to increase as the load conditions increased (200, 205, 206, 209 , and 210 msec, for the five conditions), F(4, 12) = 5.72, p < .05. The effect was small and linear, however, and cannot be used to account for the curvilinear changes in spatial variability shown in the subsequent sections.
Percentage of maximum torque. The average torques, expressed as an average percentage of each subject's maximum torque, are shown in Figure 5 . These ranged from 41% in the handle-only condition to 89% in the 1,640-g condition, which spanned the 65% point reasonably well. The ranges of the percentages of maximum torque for the various subjects, for each of the five load conditions, were as follows: 39%-42%, 59%-62%, 68%-72%, 75%-80%, and 86%-90%.
Variable error. No significant effect of days or of the Days X Loads interaction was found, F(3, 9) = 2.78 and F(12, 36) = 1.95, ps > .05. Thus the data in Figure 5 were pooled across the four test days. As the load increased from the handle-only condition, a sharp increase in spatial variability occurred. This variability peaked (for every subject) at the second load condition, so that further increases in the applied load caused systematic and nearly linear decreases in VE. The effect of load was significant in the ANOVA, F(4, 12) = 4.17, p < .05. These trends were supported by a trend analysis, in which the linear component was not significant, 3) = .01, p > .05, but the quadratic component was significant, F(l, 3) = 10.52, p < .05. These data supported the findings from Experiment 1 reasonably well, showing again an inverted-U function between spatial variability and applied load. The point of maximum variability was at 61% of the subject's maximum torque, which also agreed with the analogous findings in Experiment 1.
Total variability. No significant effect of days or of the Days X Loads interaction occurred, F(3, 9) = 2.65 and F(U, 36) = 1.34, ps > .05. The plot of average E for the various load conditions pooled across the four days (in Figure 5) showed an inverted-U-shaped pattern very much like that for VE, which was present for all subjects. The effect of load condition was significant, F(4, 12) = 3.89, p < .05. The peak E score was associated with the 640-g condition, as with the VE scores. In a trend analysis the linear trend was not significant, F(l, 3) = .07, and the quadratic trend was marginally significant, F(l, 3) = 7.45, p < .07.
Constant error. No effect of days or a
Days X Loads interaction occurred, F(3, 9) = .87 and F(12, 36) = 2.02 ps > .05. A plot of the CE scores as a function of the load conditions, pooled across the four test days, showed that the CEs were always negative (below the target) by about 6 mm. There was no systematic tendency for the CEs to change as the load was increased, and the effect was not significant, F(4, 12) = 2.21,/» .05.
Discussion
Experiment 2 replicated the effects found in Experiment 1 very closely. Again, increased variability was found as the load conditions increased to about 61% of maximum torque, and further increases in load produced systematic decreases in consistency. The same, effect was also found for the E scores, again showing that the changes in consistency (decreased VE) were associated with changes in contacting the target. And the point of maximum inconsistency (61% of maximum) was reasonably close to the 65% point at which force variability was maximized in the Sherwood and Schmidt (1980) study. Together these findings represent rather strong support for the impulsevariability theory, provided that the curvilinear relation between force and force variability is taken into account. The effects on E and VE shown in Experiments 1 and 2 support our hypothesis that the errors in the trajectory and/or in the endpoint of a rapid action will be directly related to the amount of variability in the muscular forces applied to the limb. Because the variability in these forces is related in an inverted-U fashion with the amount of force produced, as shown in Figure 1 , the result of increasing mass of the object to be moved is an inverted-U relation between spatial accuracy and the force requirements of the task, here operationalized as the mass of the objects to be moved. But another way that the force requirements of the response can be altered is by changing the movement time, while holding the mass of the limb constant. The theory proposed by Schmidt et al. (1979) suggests that for tasks in which the initial accelerative forces determine the accuracy in the task (i.e., in the present task), the mechanism involved in (a) moving a larger mass with the same movement time and (b) moving a constant mass with a smaller movement time will be the samea proportional increase in the force requirements of the participating muscles. If this is so, then we should expect to find the same relationship between movement time and spatial accuracy as we did between the mass to be moved and spatial accuracy in Experiments 1 and 2. That is, there should be an inverted-U relationship between the movement time (mass constant) and the spatial accuracy. This prediction was the basis for Experiment 3.
Experiment 3
Method
Subjects. Four undergraduate males at the University of Southern California were selected from a group of eight volunteers. The subjects all participated in a screening test in which the unloaded handle was moved maximally over the test distance, and the four subjects with the most similar minimum movement times were used in the experiment.
Apparatus and task. The apparatus was identical to that used in the earlier experiments.
Procedure and design. The procedures used in this experiment were identical to those in the previous experiments, except for a few details. First, the target location was moved closer to the starting position, so that the distance was 30 cm. This resulted in a movement of approximately 26° for the average subject, as compared to the 60° movement in the previous experiments. The starting position was the same, a 5° hyperextension of the shoulder.
The experiment involved four movement times-70, 100, 130, and 160 msec. As before, the subject was instructed that there would be sufficient trials administered so that 50 movement times within ±10% of the goal movement time could be recorded. KR about movement time was provided, given as "Slow," "Fast," or no comment if the movement time was within the correct range. KR about spatial errors was given as before. Again, five test days were used, with the first being a practice day; on each day all movement times were administered in an order determined by a 4 X 4 Latin square (Days X Subjects).
Percentages of maximum torque. The maximum torque for each subject was determined during the practice session by asking each subject to hit the target in the smallest movement time possible. This minimum movement time was used to calculate acceleration with the methods described earlier.
Results
Movement times. The movement time means were trimmed by including only those responses with movement times within the preset ranges, so there was clear separation among conditions. Except for the 70-msec condition, the mean movement time was within a few milliseconds of the target movement time. The average movement times were 74.8, 101.6, 130.6, and 159.0 msec, respectively, shown on the abscissa in Figure 6 .
Percentages of maximum torque. The mean percentages of maximum torque exerted at each of the movement time conditions are presented over the abscissa in Figure 6 . These values ranged from 88% in the 70-msec condition to 21% in the 160-msec condition. The ranges of these percentage values for the four subjects were as follows for the four movement time categories: 19%-25%, 27%-38%, 46%-58%, and 84%-93%.
Variable error. A significant effect of days on VE was found in this experiment, with Days 4 and 5 having less VE than Days 2 and 3, F(3, 9) = 5.16, p < .05 the Days X Movement Time interaction was not r: significant, however, F(9, 17) = 1.46, p > .05, so the VEs reported in Figure 6 are based on all four days. Generally an inverted-U relation between movement time and VE was found. As the movement time decreased from 160 msec, VE systematically increased until the movement time was 100 msec. Further decreases in movement time to the 70-msec condition resulted in decreased VE, to the point where the mean VE for the 70-msec movement time was less than that for the 130-msec movement time. All subjects showed this effect. These effects were supported by a significant effect of movement times, F(3,9) = 5.47, p < .05. An analysis of trend indicated no significant linear trend, F(l, 3) = 1.50, p > .05, with significant quadratic trend, F(l, 3) = 11.08, p < .05. Total variability. For the E scores a significant effect of days occurred, F(3, 9) = 4.84, p < .05, but there was no Days X Movement Time interaction, F(9, 17) = 1.98, p > .05. Thus the E data were pooled for the four days in Figure 6 . The plot of average E for the four movement time conditions produced a pattern closely resembling that shown for VE. This pattern was the same for every subject. The largest E scores were at the 100-msec movement time, with smaller Es as the movement times either increased or decreased. This effect of movement time was significant, F(3, 9) = 4.11, p < .05. A subsequent trend analysis, however, failed to support either a significant linear trend, F(l, 3) = 2.80, or quadratic trend, F(l, 3) = 2.80.
Constant error. For CEs neither an effect of days nor a Day X Movement Time interaction occurred, F(3, 9) = .36 and F(9, 17) = .35, ps > .05, respectively. CEs pooled over the four testing days were negative (about 7 mm below the target) and showed an irregular tende'ncy to be most negative at the 100-msec condition (-7.8 mm) , with somewhat less negative errors when the movement time was 70 msec (-7.0 mm), 130 msec (-6.9 mm), or 160 msec (-6.6 mm). This effect was significant, F(3, 9) = 4.82, p < .05, and tended to mirror the effect shown for VE, in which the largest error was seen at the 100-msec movement time.
Discussion
Experiment 3 supported well the predictions from a modified impulse-variability theory. As the movement time was decreased from 160 msec, a systematic increase was found in the spatial errors (both VE and E), and this trend continued until the movement time was 100 msec. Further shortening the movement time to 74.8 msec (on the average), however, resulted in strong decreases in spatial variability. The decrease in movement variability as the movement time was reduced to 75 msec was consistent with the estimated percentage of maximum torque (88% of maximum) in this condition, as increasing the force requirements beyond about 60%-70% of maximum should result in increased consistency in force production. Because this task seems largely dependent on force-production consistency, the increased accuracy with decreased movement time was expected in this range of force. The finding of an inverted-U relation between movement time and spatial errors provides additional evidence that limits the generality of the notion of a speed-accuracy trade-off in which increases in speed are assumed to result in decreases in accuracy.
General Discussion
Overall our results suggest that the relation between spatial accuracy and the force requirements in rapid actions in an invertedLi function. This was so whether (a) the force requirements were altered by changing the mass of the object to be moved at a constant movement time (Experiments 1 and 2) , or (b) the force requirements were altered by changing the movement time with constant mass. In all experiments the maximum variability was achieved when the torque involved was about 50%-70% of the subject's maximum torque, although more data points near this region of human torque capability are required to determine the peak more precisely. In all experiments the VEs (a measure of variability about the subject's own mean) and E (a measure of variability about the target) showed almost exactly the same trends. This observation is important for two reasons. First, it shows that the effects on target accuracy were caused by changes in movement consistency (as predicted by the theory), rather than by a change in CEs that would be theoretically less interesting. Second, this observation shows that the increases in within-subject movement consistency were actually translated into changes in the probability of hitting the target-an obvious goal in many everyday tasks (e.g., batting).
Practical Implications
The implications of the present experiments for these everyday actions are many, some of the more plausible of which follow. For example, Experiments 1 and 2 seem to contradict some generally held (but scientifically unsupported) notions about batting in baseball. A common view is that a reduced moment of inertia (either via a lighter bat or shortening the effective length by choking up on the grip) will result in decreased spatial errors, but it will do so at the expense of a large impact if the ball is struck-a kind of accuracy-impact trade-off. Our data say that beyond about 65% of maximum torque, heavier objects result in greater spatial accuracy, resulting in both increased accuracy and (although it was not measured) increased impact with a target (ball). It seems worth considering that increasing the mass of bats in such situations might result in gains in batting accuracy. Such gains might not be realized, however, if the movements are already at the maximum torque capability of the subjects, so that the main effect of increased bat mass would be to slow the movement, with its side effects on timing accuracy (e.g., Schmidt, 1969; 1981) . It is possible that increasing force requirements beyond the level of 89% of maximum studied in this set of experiments, might result in a degradation in coordination between the participating muscles, but we know of no evidence suggesting that this occurs.
The finding from Experiment 3 that beyond about 50% of the subject's maximum torque, decreasing the movement time resulted in increased accuracy also runs counter to common views in sports. One common view is that by slowing down the swing, one has a greater chance of making contact, although less impact will be developed. Our data say that the probability of making contact will be increased by swinging fasterperhaps to very near one's maximum speed. This interpretation not only applies to spatial accuracy from our data but also to timing accuracy; others have shown that timing accuracy is increased as the movement time is decreased (Schmidt, 1969; 1981) or the velocity is increased (Newell, 1980; Newell, et al., 1980; Newell, Hoshizaki, Carlton, & Halbert, 1979) , providing an additional benefit for swinging very rapidly.
Theoretical Implications
Our experiments are based on the assumption (in Figure 2) that to increase the speed of a movement, or to increase the mass of a movement at a given speed, there must be an increase in the contraction forces of the various participating muscles, which general increase in forces must be distributed across these muscles in a particular way. Specifically, it may be that increases in the force requirements of the total action are met by proportional increases in all of the muscles at the joint. Since the trajectory achieved will be a kind of resultant of these contributing forces (as in Figure 2 ), this kind of notion would allow the trajectories to remain about the same as force requirements are increased. Many of the participating muscles may act to increase the stability of the joint, with the need for added stability increasing as the force requirements of the movement increase. Thus for a number of reasons, we suspect that the participating muscles may act nea'rly proportionally as the overall force requirements of the movement increase, although our data do not provide any direct evidence on this point.
With respect to the variability in these forces-which is presumably fundamental to the production of the variability in movement outcome-our data tend to support the idea that the variations in muscular forces are largely uncorrelated across the various muscles that contribute to an action. That is, on a particular trial one muscle may produce too much force while an adjacent one may produce too little. If all of the muscles' variations were highly correlated (positively), so all of them contracted proportionally too much or too little on a given trial, then onev would not expect changes in spatial accuracy as the movement mass or the movement time were altered. If all muscles participating were increased proportionally on a given trial, a decreased movement time could occur, but with no change in the movement's trajectory or accuracy. This argument can be extended to suggest that the locus of the force variability is somewhere "downstream" from the motor program, perhaps in the motor neuronal pools or in the muscles themselves.
This interpretation is in keeping with our (Schmidt et al., 1979) earlier ideas about the locus of variability. In two-handed aiming movements the correlation between the distance traveled by the two hands on each trial was only .10; since the distance traveled by the hand is thought to reflect the amount of force produced by the muscles, we argue that the variability in force produced is largely uncorrelated across hands. The directional variability in stylus aiming-a task in many ways similar to the one used here-increased as the force requirements (i.e., the velocity) increased; such an effect would be seen if the variability in the various participating muscles at a joint were largely uncorrelated with each other.
Another important aspect of the present data is the support for the notion that increases in speed or increases in mass (with speed constant) is accomplished by the same kind of modification in motor program control. Such a modification would appear to involve the increase in force production of all of the muscles acting at the joint, perhaps in nearly direct proportion to each other.
The accuracy in the present task was probably determined by the nature of the initial impulse, as earlier data from similar tasks have shown that the limb is still accelerating by the time the target is struck. Thus,, in such tasks the timing of the agonist offset and the timing of the antagonist onset are probably not important in determining the accuracy, as they occur after the target is struck (or missed) on a particular trial. In this sense even though this is a timing task, in that the movement time is a critical goal for the subject, time is not coded by the motor program. That is, the movement time falls out as a consequence of specifying the amount of force that is to be applied to the action. Such a view suggests that a major control parameter of the response is force; changing the mass to be moved at a given movement time, changing the movement time with a given mass, or even changing both the mass and the movement time can all be accomplished by the alteration of forces distributed to the participating muscles. We have reason to suspect that such a simple view may not be correct when more complex actions are used, such as those in which the timing of the onsets of antagonists may be critical to accuracy. But these ideas will have to wait for further study.
Finally, these data are in keeping with an open-loop position about the control of such actions. Our account of them is that the forces are determined before the movement and then are produced in the muscles (with variability added downstream) without major modification from incoming feedback information. This is not to say that feedback is totally irrelevant in these actions, but rather, that the major determinants of accuracy are open-loop processes, coupled with the resulting influence they have on muscular force variability. The present finding of an inverted-U relation is derivable from the principles of the impulse-variability theory (Schmidt et al., 1979) , which assumes open-loop control in these actions. The 1979 statement of the theory, however, relies on a linear relation between force and force variability and thus, strictly, cannot account for these curvilinear findings. We believe that by adding the new findings about the inverted-U relation between force and force variability (Sherwood & Schmidt, 1980) , the theory can be modified so that the effects reported here will be predictable. Work is currently under way in this regard.
Although these data do not strongly rule out the notion of closed-loop processing in these actions, they do raise serious doubts about this mode of control. It is interesting to ask how a closed-loop control model (e.g., that of Adams, 1977) could explain the inverted-U relations found here. With respect to the experiments, varying mass, a closedloop view might hold that increased mass would make corrections more difficult to produce, so a monotonic relation between mass and movement error would be seen. Or such a view might hold that increases in mass would make the errors in trajectory more discriminable, so progressively decreasing errors would be seen as the mass was increased (e.g., Bahrick, 1957) . Finally, a closed-loop view would predict that decreasing the movement time should result in less time for corrections, producing an ever-decreasing function between movement time and error (e.g., Schmidt & Russell, 1972) . In all of these cases, though, a closed-loop model of movement control seems incapable of explaining why there should be an inverted-U relation between the variables studied in these experiments. These effects can be explained by an open-loop position. For those who argue that rapid movements are largely controlled in a closed-loop mode, a challenge will be to explain how these inverted-U relations are realized.
